Nanoporous silicon (pSi) films on a silicon wafer were loaded with sodium perchlorate (SP) and perfluoropolyether (PFPE) oxidising agents to generate a pyrotechnic energetic material. The potentially violent reaction between the silicon and the loaded oxidising agent was studied using correlated differential scanning calorimetry (DSC) and FTIR spectroscopy for samples heated continuously between ambient and 500 C. We observed that the energetic reaction between pSi and SP depended on the presence of various hydride species on the surface of freshly etched pSi, and on formation of volatile free radical species released during either oxidation of the surface in the presence of air at about 200 C or during desorption of the hydride above 270 C in the absence of oxygen. However, energetic reactions between pSi and PFPE were delayed until pyrolysis of the PFPE above 390 C in the absence of oxygen, suggesting PFPE's suitability for pyrotechnics applications. Correlated thermal and spectroscopic methods of analysis gave new insights into the earliest stages of the reaction of these energetic materials.
Introduction
Porous silicon (pSi) is a nanostructured material prepared by the electrochemical etching of silicon wafers using various hydrouoric acid (HF) based etching solutions resulting in nano-to micro-metre sized cavities in the surface whilst leaving the bulk dimensions of the wafer unchanged.
1 Manipulation of the etching conditions permits precise control over the resulting porous layer, including the size of the pores, the shape (from highly ordered channels to highly disordered sponge-like structures), depth and overall porosity. 1 The explosive behaviour of pSi lms impregnated by an oxidising agent has been recognised and steadily investigated since 1992. 2 The behaviour originates from the very high internal surface area of pSi (up to 800 m 2 g
À1
) permitting a very intimate mixture between the oxidising agent and the fuel (silicon), leading to materials that are relatively stable at room temperature and are able to react explosively upon application of an energy stimulus. Indeed, pSi energetic materials (pSi EM's) prepared in this way are sensitive to a wide variety of stimuli. Methods of initiation that have been reported include heating using, for example, a hot-plate 3 or a hot bridge-wire, 4,5 mechanical stimulus (such as scratching the surface or friction), 6 or an electrical spark. 6, 7 Additionally, laser ignition of pSi energetic materials has been reported using a variety of wavelengths and laser uences.
6,8-10
A variety of oxidising agents (typically nitrate or perchlorate salts) have been shown to react energetically with pSi. Sodium perchlorate (SP) has emerged as the oxidiser of choice since it delivers the most powerful and consistent energetic reaction. 2 Conveniently, controlling the material properties of the pSi substrate (by tuning the etching conditions) permits control over the stoichiometry of the system by limiting the volume of the pores available to be lled. The burning rate of pSi energetic lms has been reported from as high as 3600 m s À1 (ref. 11) to less than 1 m s À1 . 12 The choice of oxidising agent, porosity, pore depth and pore diameter are all interdependent factors which govern the burning rate of the system. Fluorinated polymers (such as peruoropolyether (PFPE)) have recently been investigated as an alternative to ionic oxidising agents, with reported burning rates typically less than 1 m s À1 .
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It is recognised that pSi EM's can be excessively sensitive, rendering those materials ill-suited for real world applications such as MEMS actuators or air-bag initiators envisaged in earlier works.
2,10,13 Knowledge of the reaction mechanism between pSi and an oxidising agent is an important factor to help understand the excessive sensitivity, and may assist in the selection of oxidising agent or material treatment regimes in order for these materials to be translated into real-world applications.
Simple bomb calorimetry can determine the total energy released during reaction of a material.
14 However, the reaction of an energetic material involves sometimes complex decomposition stages and formation of intermediate species. Investigation of these processes by controlled thermal analysis methods can yield important information, including reaction endo-and exotherms, or intermediate transition or decomposition temperatures all of which gives an insight to the mechanism of the reaction.
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Investigating the reaction between the pSi surface with liquid oxygen, Kovalev et al. 16 rst proposed that hydride termination of the freshly etched pSi surface was an essential passivating barrier to prevent spontaneous oxidation. Rupturing the Si-H surface bonds or sub-surface Si-Si bonds by various means created free radicals susceptible to reaction with oxygen. The exothermic reaction between a single Si atom and oxygen molecule releases sufficient energy to disrupt neighbouring bonds. A single point of initiation can then rapidly cascade up to an explosive reaction.
Churaman et al. 17 investigated the mechanism of the reaction between a pSi lm (approx. 4 nm pore diameter, 40 mm layer thickness) and SP. Using differential scanning calorimetry (DSC) dehydration endotherms of the monohydrated SP within the pSi pores were observed at approximately 51 C and 149 C, a phase transition of the SP at 307 C, and nally an explosive reaction at 320 C. No signicant exotherms were observed below the temperature of explosion. They concluded that the mixture commenced reaction initially by formation of reactive ions through dissociation of the SP or H 2 O during these dehydration steps, which are then free to react with the pSi surface.
Again it was observed that the presence of the hydride termination on the pSi surface was essential to promote a strong explosive reaction. Becker et al. 18 investigated the inuence of atmospheric conditions on the reactivity of pSi lms impregnated with SP. Using bomb calorimetry, freshly etched pSi prepared by galvanic corrosion (up to 150 mm thick layers, 62 to 69% porosity, pore sizes 2.7 to 3.1 nm) loaded with SP yielded gross reaction enthalpies of 9.9 kJ g À1 of pSi in a N 2 atmosphere and 27.3 kJ g À1 in O 2 . They further observed that oxygen back bonding beneath the hydride-terminated pSi surface resulted in a weak exotherm at about 250 C. This was conrmed by FTIR spectroscopy. In the absence of the hydride termination, no energetic reaction was observed. Hence, the presence of the hydride termination on the pSi surface was essential to enabling the material to react explosively according to the authors. They further concluded that the substantial difference in the total energy of the reaction recorded between N 2 and O 2 atmospheres was due to the mixture being substantially fuel rich (a limitation imposed by the available pore volume within the pSi layer), thereby allowing remaining Si to react with the oxygen aer the main reaction with the SP. Parimi et al. 19 studied the reactivity of various pSi EM's using DSC and TGA, investigating the inuence of doping type and doping concentration of the original Si wafer. Wafer dopant concentration and type inuenced the reactivity of the material, not directly by contributing to the reaction between the pSi and the oxidising agent, but indirectly by impacting on the morphology and specic surface area of the pSi generated by means of anodisation. Studying the propagation of the ame through pSi EMs of different morphology, 20 for the low surface area pSi and 72.1 kJ mol À1 for the high surface area pSi. From those calculations and others, it was determined that the propagation of the ame through pSi was due to a combination of both conductive and convective burning, not simply a conductive mechanism as observed in other solid-phase energetic materials. Infrared spectroscopy is a versatile technique oen applied to pSi research due to the wealth of information available about the chemical structure of this high surface area material. Oxidation of a pSi surface heated continuously in an O 2 atmosphere was observed by Mawhinney et al. 21 with the results showing that the reaction proceeded initially by insertion of oxygen into the Si-Si bonds behind the Si-H surface species when the temperature exceeded 300 C. As the oxidation proceeded, the hydride species were gradually replaced by hydroxyl groups and eventually, the surface was completely oxidised. Likewise, Salonen et al. 22 used FTIR in combination with DSC, showing a strong exothermic reaction of pSi heated in air commencing at about 200 C, peaking at approximately 300 C and attributed this to back bond oxidation of the pSi surface. Furthermore, a broad exothermic tail observed in the DSC rising from about 400 C and terminating at approx. 650 C was attributed to the formation of surface hydroxyl groups. However, in their study Salonen et al. 22 cooled the samples aer heating, prior to FTIR analysis.
Both DSC and FTIR studies independently yield valuable information about the structure of pSi and the possible reaction pathways. Signicantly, Mawhinney et al. 21 recognised the need to continuously record spectra during the heating process to minimise kinetic effects caused by cooling of a heated sample prior to measurement. Such problems would be exacerbated for the fast reacting pSi EM's studied here. It is therefore the aim of this work to combine these two techniques to obtain valuable real-time spectroscopic information regarding the reaction of pSi, and to correlate that to observed reactions in the thermal analysis.
Materials and methods

Porous silicon preparation
Porous silicon was prepared from p-type boron doped wafers, 3-6 U cm resistivity, h100i orientation, supplied by Virginia Semiconductors. Hydrouoric acid (48% aqueous solution, Merck Chemicals) was diluted with acetonitrile to a nal volumetric concentration of 20%. Electrochemical etching was conducted using standard techniques 1, 3 in a Teon etching cell incorporating a platinum cathode and stainless steel anode.
23
The etching cell used in these experiments produced an etched area 45 mm long by 8 mm wide (etch area of 3.79 cm 2 ). Electrochemical etching was performed by a TTi PLH-250 power supply, operated under conditions of constant current controlled by a purpose-built LabVIEW interface on a Windows PC. The applied current was pulsed with a 66% duty cycle (10 s on, 5 s off), for a desired number of cycles, at a current density of 45 mA cm À2 for an applied current time of 30 minutes (45 min's total etch time). Previous work has determined that these etching conditions produce pSi surfaces with pore sizes of 3.6 AE 1.4 nm, a porosity of 64.7 AE 0.5% and a depth of 42.9 AE 0.4 mm.
Wafers were washed with ethanol and acetone prior to and aer etching, and dried in a stream of N 2 gas. All samples were stored in a desiccator when not being handled. For all investigations reported here, the pSi layer remained attached to the supporting Si wafer. In this conguration, only the pSi forms the reactive material and the supporting wafer takes no part in the reaction. 24 These wafers were cut into suitably sized smaller samples (approximately 4 Â 4 mm 2 for DSC experiments and approximately 4 Â 8 mm 2 for FTIR experiments) prior to loading with the oxidising agent.
Loading of oxidant into pSi
A stock solution of SP monohydrate (Ajax Chemicals) was prepared at a concentration of 400 g L À1 in methanol. The solution of the selected oxidising agent was micropipetted onto the wafer and impregnated into the pores as the solvent evaporated in a stream of N 2 gas, leaving the oxidising agent deposited into the pores, an effect substantially exacerbated for wafers that were sectioned for DSC/FTIR analysis. As had been noted elsewhere, 13,18 crystals of SP would tend to nucleate on the surface instead of within the pores as the solvent evaporated. This effect could be reduced by careful evaporation using a gentle stream of N 2 , and small residual surface crystals not contributing to the energetic reaction were gently removed prior to analysis.
Secondly, a stock solution of the PFPE (Fomblin Y HVAC 25/ 9) was prepared at a concentration of 200 g L À1 in the uori-nated solvent peruoro(butyltetrahydrofuran) (Fluorinert FC-75). Fomblin Y is a high viscosity liquid at room temperature. Impregnation of this material into the pores required the stock solution to be pipetted onto the surface, followed by evaporation under vacuum in a desiccator with subsequent back-lling of the vessel using N 2 -three successive steps were required in order to load the wafer. The mass of the EM (i.e. the net explosive quantity) was determined gravimetrically. Samples were weighed prior and subsequent to loading with the oxidising agent, and the unreactive supporting wafer was weighed subsequent to analysis once the pSi layer had been stripped away using dilute aqueous potassium hydroxide. , with transmission spectra collected between 30 and 510 C at intervals of approximately 20 C. This was also run with controlled atmospheres of either N 2 or dried air (supplied through a Parker Bailish purge gas generator), and used zinc selenide IR transparent windows. Spectra were all recorded in transmission mode at pre-determined temperatures as the sample was being continuously heated. The temperature of the sample increased by approximately 2 C during the time taken to actually record the spectra. Whilst it is recognised that this temperature change introduced a small uncertainty, it was felt that this was an acceptably necessary experimental compromise. All spectra collected for an individual sample were background corrected to compensate for the decreasing transparency of Si at the temperatures of these experiments -details of the correction method are provided in the ESI. † Table 1 lists the characteristic spectral peaks for various species involved in this investigation. 
Results and discussion
Thermal behaviour of blank pSi
Unloaded pSi displayed signicant evidence of oxidation when heated in air ( Fig. 1a and 2a) . By means of DSC, we observed an onset temperature of the exothermic oxidation reaction at approximately 200 C peaking at 292 C. Comparing this to the FTIR spectral data, the main transition between a fresh and oxidised surface was initially visible at between 230 and 250 C and appeared substantially complete by approximately 350 C.
This is most clearly indicated by the decrease in intensity of the surface hydride triplet peaks (centred at 2109 cm À1 ) with an associated increase in the back-bonded oxygen (OSi-H x ) represented by the peaks at z2254 cm À1 , and is supported by a very strong absorbing band between z800-1200 cm À1 (amorphous Si-O 2 absorbance) and a weak peak at 3730 cm À1 (SiO-H stretch). These observations agree reasonably well with those of Salonen et al.
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However, for pSi heated in N 2 ( Fig. 1b and 2b) , the DSC showed a weak exothermic peak with an onset from approximately 270 C and peaking at approximately 380 C. FTIR spectra displayed the typical triplet of peaks at 2109 cm À1 associated with multiple Si-H x stretching reducing gradually to a single peak centred at 2082 cm À1 between 350-400 C. The onset temperature of this transition observed on the FTIR spectra (z350 C) was higher than observed on the DSC (z270 C), however the FTIR resolution may prevent subtle changes from being observed at lower temperatures. Similarly, the peak at 910 cm À1 (Si-H 2 scissoring) decreased over the temperature range tested, disappearing completely by z400 C. It seems that pSi heated in N 2 simply desorbs the surface hydrogen slowly commencing at z270 C. By the end of the experimental run at 503 C the hydride peaks still had not completely disappeared, and the absence of gaseous oxygen prevents further oxidation of the surface. A very weak peak at 850 cm À1 appears at 389 C and increases intensity with temperatures up to 468 C. This peak may be attributed to incorporation of nitride species on the Si surface based on the study by Scardera et al. 28 However, their study was conducted on samples of thin silicon nitride lms deposited at 400 C and annealed to over 800 C, and revealed multiple ne peaks centred around 840 cm À1 that were assigned to modes of Si-N x asymmetric stretching depending on the annealing temperature. Thus, we tentatively assign our observed peak at 850 cm À1 to surface nitride species.
Decomposition and reaction of pSi/SP energetic materials
The FTIR spectra for SP as a function of temperature in air (Fig. 2c) showed initial strong absorption bands between 1050-1200, 1600-1700 and 3100-3700 cm À1 which disappeared at temperatures between 110 and 130 C. A rst moderate endothermic peak was seen in the DSC scans (Fig. 1c) at approximately 100 C. This peak was attributed to dehydration of the NaClO 4 $H 2 O, and the FTIR spectra appeared to reect this change. Peaks at 619 and 1108 cm À1 associated with various vibrations of the perchlorate ion were persistently observed. A weak peak at 2046 cm À1 was stable across the temperature range is also associated with SP. In the DSC scan, a second weak endothermic peak at 313 C was attributed to a phase change of the SP -this was not observed in the FTIR spectra. Sample melting occurred at 477 C according to the DSC and FTIR. The combined thermal and spectroscopic data presented here agree well with previous work, 26,32 even though both studies used the two analytical techniques in isolation.
When SP was incorporated into the pSi layer to create an EM, signicant changes in the FTIR spectra were observed compared to blank pSi and pure SP (Fig. 2a and c) . Initially, the strong absorption band centred at 1108 cm À1 due to SP was clearly distinguishable from relevant pSi peaks at 910 cm À1 and the triplet band at z2109 cm À1 for samples heated in either air or N 2 atmosphere (Fig. 2d, e and 3c ). For pSi/SP heated in air ( Fig. 1d and 2d) , the FTIR spectra triplet band and associated appearance of the OSi-H x back bonding (approximately at 2254 cm À1 ). The broad absorption band between z800-1200 cm À1 was also attributed to Si-O x vibrations. Changes in the perchlorate absorption peaks at z1100 cm À1 were masked at temperatures above 200 C due to broad Si-O x absorption (800-1200 cm À1 ). These changes occurred at a temperature far lower than the melting point of SP (477 C) and its associated thermal decomposition. As suggested by Churaman et al. 17 this may include release of volatile O and OH radical species from decomposition of the perchlorate which may then interact with either of the two solid phase materials present, leading to a sustained reaction.
In a N 2 atmosphere (Fig. 1e and 2e) , energetic pSi/SP displayed a similar sudden change in the FTIR spectra with an onset of approximately 270 C, 70 C higher than in the presence of air.
This correlated with an exothermic reaction observed by means of DSC commencing at around 270 C with a sharp peak at 300 C. DSC and FTIR results for blank pSi in N 2 ( Fig. 1b and 2b) indicate that the surface hydride desorption commences at approximately 270 C, and this desorption appears to be an important rst step leading to commencement of the energetic reaction, in the absence of oxygen. Becker et al. 18 reached the same conclusion. Again, these reactions occur at a temperature lower than the melting point or decomposition point of the SP.
An additional observation recorded on the DSC scans of EM's run in air ( Fig. 1d and 2d ) is a shoulder in the main exothermic peak at 272 C, a feature not observed in the samples in N 2 ( Fig. 1e and 2e ). This shoulder may be due to aerburning reactions of unreacted pSi with the atmospheric O 2 within the DSC. Aerburning reactions are common in fuelrich samples which is a possibility with the smaller samples prepared in this study. As noted in the experimental section, loading of small samples of pSi was difficult due to precipitation of the SP on the exterior face of the wafer, leading to variability of the quantity and distribution of the SP within the pSi pores. Additionally, the porosity of the pSi in this investigation (65%) was slightly lower than the calculated ideal porosity required to achieve a stoichiometrically balanced mixture (70-72%), 2 indicating that the system investigated here was fuel rich, thereby facilitating aerburning reactions.
Decomposition and reaction of pSi/PFPE energetic materials
Pure PFPE heated in air ( Fig. 1f and 2f ) displayed a strong and consistent peak at about 985 cm
À1
, attributed to C-F bond stretching vibrations. 27 Strong broad absorption bands centred at z1200 cm À1 , and a weak band centred at z744 cm
correspond to multiple C-C/C-O/C-F vibrations. 27 These bands persisted until approximately 400 C when they disappeared and were replaced by a weaker broad absorption centred at 1050 cm À1 . DSC scans of PFPE indicate a very weak change in the baseline commencing at z320 C and complete by 400 C. In the DSC, it was noted that the aluminium pan was heavily tarnished aer the acquisition of the scans of the PFPE samples were analysed (pans for other samples were not affected in this way), indicating that the sample was pyrolysing at these temperatures, releasing various reactive/oxidative species (instead of simply boiling away) as seen in other fully uori-nated polymers.
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The FTIR scans of pSi/PFPE EM heated in air (Fig. 1g, 2g and 3e) were almost indistinguishable from the appearance of blank pSi in air except for the presence of the PFPE peak at 985 cm
À1
and the band at 1200 cm À1 . Oxidation of the pSi surface due to the oxygen in the air was evident at the same transition temperature of approximately 250 C but appeared less intense compared to the spectra of blank pSi heated in air. In accordance with this observation, the DSC results of pSi/PFPE in air showed the same exothermic process as blank pSi in air but with a broader transition. No clear exotherms were observed to indicate an energetic reaction. One possible explanation for this is that the presence of the PFPE within the pores limits the rate of diffusion of oxygen into the surface such that the pSi reacts slowly with O 2 prior to pyrolysis of the PFPE. In contrast, pSi/PFPE EM in N 2 displayed a different prole (Fig. 1h, 2h, and 3e) . (very weak prior to the transition) increased, potentially indicating production of SiF 4 . Some remnants of the pSi surface were seen in the FTIR spectra above this temperature and may be due to the presence of unreacted pSi le aer all of the PFPE has been consumed. The peak at 1029 cm À1 was the only indication of a reaction product (SiF 4 ). Alternative species (such as HF at 3750-4250 cm À1 ) were not observed.
When the pSi/PFPE results are compared to the pSi/SP heated in N 2 it is apparent that the energetic reaction occurred at a far higher temperature (z400 C for PFPE compared to 300 C for SP). For pSi/SP, it was concluded that desorption of the surface hydride from the pSi was the initial step in the energetic reaction. For pSi/PFPE, it appears that the reaction did not occur even above the temperature required to commence hydride desorption, but was delayed until pyrolysis of the PFPE occurred at about 400 C. Release of oxidising species from the PFPE during pyrolysis appears to be necessary to induce the energetic reaction. Fig. 3 FTIR spectra of (a) blank pSi, (b) blank SP, (c) pSi/SP EM, (d) blank PFPE, and (e) pSi/PFPE EM, collected at 150 C for samples heated in a N 2 atmosphere. The triplet of peaks at z2109 cm À1 (Si-H x vibration) and a single peak at z910 cm À1 (Si-H 2 scissoring) are specific for the pSi surface and clearly distinguished from a strong absorption band between z1000 and 1200 cm À1 (associated to multiple perchlorate vibration modes) and a sharp absorption peak at z980 cm À1 attributed to overlapping PFPE CF 2 /CF 3 vibrations.
